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The ocean capacity to store carbon is crucial, and currently absorbs about 25% CO2
supply to the atmosphere. The ability to store carbon has an economic value, but
such estimates are not common for ocean environments, and not yet estimated for
the Arctic Ocean. With the severe climatic changes in the Arctic Ocean, impacting
sea ice and potentially the vertical carbon transport mechanisms, a projection of future
changes in Arctic Ocean carbon storage is also of interest. In order to value present
and evolving carbon storage in the changing Arctic marine environment we combine
an ocean model with an economic analysis. Placing a value on these changes helps
articulate the importance of the carbon storage service to society. The standing stock
and fluxes of organic and inorganic carbon from the atmosphere, rivers, shelves and
through the gateways linking to lower latitudes, and to the deep of the Arctic Ocean
are investigated using the physically chemically biologically coupled SINMOD model.
To obtain indications of the effect of climate change, trajectories of two IPCC climate
scenarios RCP 4.5, and RCP 8.5 from the Max Planck Institute were used for the
period 2006–2099. The results show an increase in the net carbon storage in the Arctic
Ocean in this time period to be 1.0 and 2.3% in the RCP 4.5 and RCP 8.5 scenarios,
respectively. Most of this increase is caused by an increased atmospheric CO2 uptake
until 2070. The continued increase in inorganic carbon storage between 2070 and
2099 results from increased horizontal influx from lower latitude marine regions. First
estimates of carbon storage values in the Arctic Ocean are calculated using the social
cost of carbon (SCC) and carbon market values as two outer bounds from 2019 to
2099, based on the simulated scenarios. We find the Arctic Ocean will over the time
period studied increase its storage of carbon to a value of between €27.6 billion and
€1 trillion. This paper clearly neglects a multitude of different negative consequences
of climate change in the Arctic, but points to the fact that there are also some positive
counterbalancing effects.
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INTRODUCTION
Due to climate change, the Arctic is undergoing rapid transformation (IPCC, 2014; Comiso et al.,
2017). The loss of Arctic sea ice is recognized as one of the main indicators of global warming and
also affects the ice cover and extent, which shows a decadal decrease of about 13% based on the
September minimum extent (Serreze and Stroeve, 2015). Moreover, also the perennial ice cover
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shows a similar decadal loss of 11% (Comiso et al., 2017). The
loss of summer sea ice has amplified the effect of warming, and
currently the Arctic warming is taking place 2–3 times faster than
global rates (Comiso and Hall, 2014; Meier et al., 2014; Serreze
and Stroeve, 2015). Important ecosystem services exist in the
Arctic, including fish and seafood, primary production, nutrient
cycling and carbon storage1. The reduction in ice cover changes
and transforms the services provided in the region, resulting in
both benefits and costs, as some services are traded off when
new ones emerge (Armstrong and Foley, 2018). Where sea ice
once served as an impediment, new opportunities are opening
for provisioning services of shipping, fishing and natural resource
extraction (Meier et al., 2014), as well as the regulating service
of carbon storage. The temporary storage of CO2 in the various
components of marine systems provides an important service in
regulating atmospheric CO2 concentration since it prevents the
absorbed CO2 from immediately contributing to the greenhouse
effect thus slowing climate change (Melaku Canu et al., 2015).
The oceans serve as the world’s largest carbon pool, removing
about 25% of atmospheric carbon dioxide emitted by human
activities from 2000 to 2007 (Bakker et al., 2016). Of all the
biological carbon captured, over half is found in marine living
organisms (Nellemann et al., 2009). Marine primary production
in the Arctic Ocean is reported to have increased over the
last decade mainly due to a decrease in the ice cover, and is
expected to continue to increase in the future (Babin et al.,
2015). With increased primary production, carbon storage is also
expected to increase, though there are large possible regional
variations mainly due to stratification which inhibits supply of
nutrients from deep waters (Barber et al., 2015; Slagstad et al.,
2015). The ability to store carbon has an economic value, but
such estimates are not common for ocean environments (blue
carbon), and not yet estimated for the Arctic Ocean. Applying
a monetary value to the forecasted carbon storage informs policy
in the future role of Arctic Ocean blue carbon in climate change
mitigation while also highlighting the importance of the service
to society. The objective of this paper is to project future changes
in Arctic Ocean carbon storage and place a monetary value on
present and evolving carbon storage. This is achieved using the
physically chemically biologically coupled SINMOD model and
later combining the model with an economic analysis of societal
and market costs of carbon.
The linkages between nature and the economy are often
described using the concept of ecosystem services, or flows of
value to human societies as a result of the state and quantity
of natural capital (TEEB, 2010). Ocean ecosystems provide a
number of services including nurseries and fishing grounds,
coastal defenses, climate regulation, and recreation. In recent
years a number of studies of ecosystem services and values
in marine environments have been carried out, though largely
focusing on coastal areas (de Groot et al., 2012; Liquete et al.,
2013; Beaumont et al., 2014). Valuing ecosystem services captures
1There are several ways that carbon can be stored/sequestered in the oceans. It can
be stored through biological (living organisms), sub-seabed, or human induced
(man-made) processes. Differences in temporary vs. permanent storage is clearly
an issue. For the purpose of this paper carbon sequestration is defined as the
biological capture and storage of carbon.
the dependence of human well-being on natural capital and
the flow of services provided, giving input into how to manage
human interaction with these environments and to take into
account potential trade-offs between services (Armstrong and
Foley, 2018). In the Arctic Ocean important services currently
exist and new ones are emerging with retreating ice. Though
provisioning services of fish are usually the main ecosystem
service valued in the oceans (Liquete et al., 2013; Zarate-
Barrera and Maldonado, 2015), the focus of this paper are the
regulating services that provide benefits via processes taking
place in nature. In the Arctic Ocean these services include
water circulation and exchange, and gas and climate regulation.
Carbon cycling, the carbon exchange that allows Earth to sustain
life, is often categorized as a supporting service, i.e., a service
that feeds into most direct services from ecosystems, be they
provisioning, regulating, or cultural. However, carbon storage,
the natural storage of anthropogenic carbon emissions, is also
clearly a regulating service that reduces the costs of climate
change via absorption of CO2 from the atmosphere. With the
changing Arctic an increase in uptake of carbon may be expected
due to a rise in primary production and reduced ice cover
(Slagstad et al., 2015).
While scientific studies of carbon storage have largely
concentrated on terrestrial forests, there is now a “blue carbon”
initiative pushing for further recognition of the oceans as
a climate mitigating environment providing vital regulating
services for the wellbeing of humankind. Economic valuation
of “blue carbon” sequestration has focused on coastal areas
(Pendleton et al., 2012; Luisetti et al., 2013), and studies of
ocean ecosystems in this context are limited (Beaumont et al.,
2008; Melaku Canu et al., 2015; Barange et al., 2017; Peled
et al., 2018), with none to date valuing the expected increase in
primary production in the Arctic Ocean. Peled et al. (2018) value
carbon sequestration in the Israeli Mediterranean EEZ. Based
on different carbon prices using the social cost of carbon (SCC)
they estimate the value ranges between 265.1 and 1270.9 €/km2
per year. Barange et al. (2017) estimate the potential reduction
in carbon sequestration for the North Atlantic. Melaku Canu
et al. (2015) estimate the value of carbon sequestration ecosystem
services in the Mediterranean Sea. The authors develop a model
that combines a biogeochemical model describing plankton
productivity and carbon biogeochemical cycle with economic
valuation using values of the social cost of carbon. They estimate
that the carbon sequestration values of the entire Mediterranean
basin range between 127 and 1722 million €/year. Alternatively,
values per unit area range from 135 to 1000 €/km2. Beaumont
et al. (2008) estimate that the value of CO2 sequestration in
United Kingdom territorial waters is between £420 million and
£8.47 billion. The estimation is based on the standing stock of
phytoplankton locking up 0.07Gt carbon per year valued at £6
to £121 per ton carbon. Using a “back of the envelop” approach,
Armstrong et al. (2010) estimate the value of the annual flow of
carbon into the deep-sea pool and marine sediments world-wide.
Using a figure for a net flow of approximately 1600 Tg C per year
and valued using the EU emission trading scheme 2009 value of
€15 per tCO2e, a value of €88 billion per year is estimated. The
study presented here focuses on future storage in the Arctic and
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its value, based on a coupled hydrodynamic-chemical-biological
model, SINMOD, taking atmospheric forcing from a climate
global, and IPCC’s prescription of the future CO2 content
in the atmosphere.
The primary and secondary production for the Arctic Ocean
is investigated with the SINMOD model (Slagstad et al., 2015).
To obtain indications of the effect of climate change, trajectories
of the IPCC RCP 4.5 and RCP 8.5 (representative concentration
pathways) climate scenarios were used, where the latter has
greater perturbation magnitudes than the former, and the former
stabilizes by the end of this century (Moore et al., 2013).
The SINMOD model is coupled with an economic analysis
using values assigned to carbon through regulatory markets, the
European union emissions trading system (EU ETS), as well as
estimates for the social cost of carbon, and SCC establishing a
value range to allow for uncertainties when considering such
a long timeframe.
We find an increase in the carbon storage of the Arctic Ocean,
though this increase is declining toward the end of the century.
The change in value depends on the assumed discount rates and
price growth rates. The value is also highly uncertain, depending
on the underlying climate scenarios, the carbon price used and
its change over time, and the discount rate applied. Furthermore,
it should be noted that this is a partial study of carbon effects
in the Arctic, as clearly there are many other potential benefits
and costs of climate change within the Arctic Ocean area, and
in relation to its effects upon other parts of the planet (Lindstad
et al., 2016; O’Garra, 2017; Yumashev et al., 2017). Another side
of the ocean CO2 uptake has resulted in a shift in the ocean’s
chemistry, so called, ocean acidification (OA), with potentially
detrimental effects on marine ecosystems (Orr et al., 2005; Raven
et al., 2005; AMAP, 2018). Model results have shown that the
Arctic Ocean is the first to be affected by OA (AMAP, 2013,
2018). This is due to its already low pH and carbonate saturation
state, and also the cold waters and sea ice processes favoring
CO2 uptake (Chierici and Fransson, 2009; Fransson et al., 2017).
However, it is only quite recently that observations support the
model results and currently low pH waters spread with increased
volume in the Arctic Ocean (Qi et al., 2017).
The remainder of the paper proceeds as follows; the next
section presents the Arctic Ocean areas studied, the biophysical
SINMOD model and the economic analysis, as well as the data
applied in each approach. Results from both analyses are then
presented, followed by a discussion and conclusion.
MATERIALS AND METHODS
In the following we present the case study area, the Arctic Ocean,
followed by the biophysical SINMOD model, and the underlying
economic analysis.
Case Study Area
In this paper we define the Arctic Ocean as the area limited
by the Bering Strait, Canadian Archipelago, Fram Strait and
the shelf break at the northern Barents Sea, and Kara Sea and
Siberia (green polygon in Figure 1). This covers a surface area of
7.57× 106 km2 (wet area) and the average depth is 1630 m. From
the south, warm Atlantic water enters through the Fram Strait,
and the Kara Sea. Pacific water enters through the Bering Strait.
Outflow from the Arctic Ocean is mainly through the Canadian
Archipelago and Fram Strait. The model domain is shown in
Figure 1. For more details see Slagstad et al. (2015).
So far, estimates of sea-air CO2 fluxes during the Arctic
summer have shown that the Arctic Ocean (including the Barents
and Kara Seas) acts as a net annual atmospheric CO2 sink,
estimated to be about 180± 130 TgC.
SINMOD Model Description
The modeling tool (SINMOD) used in this work is a coupled
hydrodynamic and ecological model system including a carbon
chemistry module. A short description is given here, but more
information can be found in references given below. The
hydrodynamic model is based on the primitive Navier-Stokes
equations and is established on a z-grid (Slagstad and McClimans,
2005; Slagstad et al., 2015).
A comprehensive description of the ecosystem or food web
model is found in Wassmann et al. (2006) and a short description,
including recent deviations, is given here. The model structure
is designed for the Barents Sea ecosystem and state variables
and parameter values are set for modeling the carbon flux
in this region. The state variables are: nitrate, ammonium,
silicate, diatoms, autotrophic flagellates, bacteria, heterotrophic
nanoflagellates, microzooplankton, and two mesozooplankters:
the Atlantic Calanus finmarchicus and the arctic C. glacialis.
The model contains further compartments for fast and slow
sinking detritus, dissolved organic carbon, and the sediment
surface. The model uses constant stoichiometry [C:N ratio equal
7.6 is used, as based upon average data from the Barents Sea
(Reigstad et al., 2002)].
The model set-up encompasses the Nordic Seas, the central
Atlantic Ocean and the Eurasian shelf [see Slagstad et al. (2015)]
and uses a horizontal grid point distance of 20 km. The model
has 25 vertical levels. The vertical level thickness increases from
5–10 m near the surface to 500 m below 1000 m.
The SINMOD model has open ocean boundaries to the
Atlantic Ocean and the Bering Sea. These boundaries have to
be specified. We have used the CARINA data base (Tanhua
et al., 2010) to calculate the seasonal average temperature (T),
salinity (S), nitrate (NO3), silicate (Si), total inorganic carbon
(CT), and alkalinity (AT). For the climatic scenarios monthly,
mean values from bergen climate model (BCM) using IPCC’s
SRES A2 run have been used at the boundaries. Since these data
had a significant offset compared with the CARINA data the
BCM data has been corrected in the following way: The difference
between the average values of T, S, NO3, Si, CT, and AT in
the 1990s near the boundaries for the CARINA and BCM A2
run were calculated. This resulted in an offset of each variable
along the boundaries that is added to the BCM A2 data. Since
most of the CARINA data originates from the spring-summer
season, the depth of winter mixing (Steinhoff et al., 2010) was
assumed in order to find winter values. The atmospheric CO2
concentration was taken from IPCC’s projections of annual mean
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FIGURE 1 | Model domain with depths (m). The relatively warm Atlantic inflow (red) enters the Arctic Ocean through the Fram Strait and the Barents and Kara Seas.
Pacific water enters through the Bering Strait. Surface Arctic water (blue) leaves the Arctic through the Canadian Archipelago and Fram Strait. The green polygon
shows the area that is analyzed in this paper.
pCO2 concentration for RCP4.5 and RCP8.5 [see Meinshausen
et al. (2011) for description]. Seasonal pattern was adjusted
with data from Ocean Weather Station Mike (66◦N, 2◦E). The
CARINA data was also used for initial values of NO3, Si, CT
and AT. The nutrient concentration (nitrogen and silicate) in the
river run-off is taken from Dittmar and Kattner (2003) and Amon
and Meon (2004). The CO2 system follows the DOE (1994) using
Mehrbach et al. (1973) and Lueker et al. (2000) calculations of
carbonate system dissociation-constants.
We use the following equation for air-sea exchange of CO2 (F)
F = K(1− A)(fCO2w − pCO2a)
Where fCO2w, pCO2a are the partial pressures of CO2 in the
water and atmosphere, respectively. A is the fraction of a grid
cell covered by ice and K is the gas transfer velocity using the
Wanninkhof (1992) relationship between K and wind speed.
Economic Analysis and Data
The ecosystem service of ocean carbon storage provides benefits
to society in the form of mitigation of climate change, but
has no direct market value (Melaku Canu et al., 2015). Placing
monetary value estimates can help underline the importance
of the oceans carbon storage service, helping to inform policy
and aid decision making. While there is no market for carbon
storage in the oceans, values connected to carbon storage can
be taken from carbon markets, national carbon taxes or from
estimates inferring the value of stored carbon (or the costs
of carbon to society) such as the SCC, or the shadow price
of carbon (Pearce, 2003; Tol, 2008; Valatin, 2010; Nordhaus,
2011). Carbon values are much debated with many estimates
for long-run damage costs of climate change and abatement
costs (Armstrong et al., 2010). For this analysis this valuation
of the benefits of carbon storage in the Arctic Ocean is
applied using both EU ETS and SCC values of carbon. To
allow for the uncertainty regarding future values, growth rates
and climate scenarios we apply a high and low bound of
values to span the possibilities of the value of carbon uptake
in the Arctic.
Emission trading is a market-based tool to limit greenhouse
gases. The EU ETS is the largest such trading scheme globally.
The EU ETS is a “cap and trade” mechanism where a limit,
the “cap,” on all greenhouse gas emissions is set, and reduced
over time. Within the total emission limit, companies can receive
and/or trade emissions allowances. These allowances therefore
receive a market value. There has been an increasing trend in
price since 2013 with the market entering the so-called third
phase (first phase operated from 2005 to 2007; second phase 2008
to 2012; and third phase 2013 to 2020). There are significant
changes in the third phase from the previous two including a
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single EU wide cap on allowances, auctioning the allocation of
allowances, and more sectors and gases are included. The ETS
is designed to steadily reduce the level of carbon emissions over
time and therefore the value of an allowance is expected to
increase over time. The last five-year mean value of phase 3 is
€8 per ton. The minimum price over this stage was €3.54 and
increased to a maximum €21.16 in September 2018 (see Figure 2).
The current price (as of November 2018) has dipped slightly
to €19.46.
The question whether a limited market will sufficiently take
into account the full cost of carbon emissions has led to
substantial work to estimate the SCC (see Tol (2008) for an
overview of these studies), the Stern review (Stern, 2006) being
the perhaps most well-known. Scientists predict that climate
change will lead to negative consequences such as the spread
of disease, decreased food production, coastal destruction, and
more. The SCC is the estimate of monetary value of the damage
done from the emission of one more ton of carbon at some
point in time (Pearce, 2003). The SCC signals what society
should be willing to pay to avoid the future damage caused by
incremental carbon emissions. Models developed to estimate the
SCC are known as integrated assessment models (IAMs). They
aim to capture the linkages between greenhouse gas emissions,
greenhouse gas atmospheric concentrations, temperature change,
and monetary costs of climate change damage to society (Melaku
Canu et al., 2015). Estimates for the SCC vary, depending
on the model used.
In a meta-analysis Tol (2008) reports 211 estimates of the SCC,
and explains that estimates of SCC are very dependent on the
social rate of discount applied, as well as equity weights chosen.
A large amount of climate change damage is expected to occur in
the future, thus the present value of those damages depends on
the discount rate chosen (ANON, 2016)2. The value of the SCC is
2Present value is how much a future sum of money is worth today. An important
part of the present value calculation is the interest rate used for discounting.
not constant over time and is expected to vary between different
climate change scenarios (Stern, 2006; Melaku Canu et al., 2015).
To estimate the future value of carbon sequestration in the
Arctic Ocean, the values per unit of carbon are multiplied by
the carbon estimates from the SINMOD model. The present
value Vj, over 80 years from 2019 to 2099, of the change in








where C denotes the increase or decrease in carbon storage
estimated by SINMOD at a specific time t. P is the price of carbon
measured either as the SCC (j = SCC) or taken from the EU ETS
carbon market (j = ETS), at time t.
The future value is discounted with discount rate d. Prices in
general usually increase over time, and EU ETS carbon prices
are expected to increase substantially due to planned changes in




The SINMOD model was initialized with data from the CARINA
data sets (Tanhua et al., 2010). Using ECMWF (European Centre
for Medium-Range Weather Forecasts) atmospheric forcing the
model had a spin-up period from 1979 to 2005. We have run 2
climatic scenarios using atmospheric input from the Max-Planck
Earth System Models (MPIESM)3 using IPCC scenarios RCP 4.5
and RCP 8.5. The first scenario assumes a continued increase in
emissions of greenhouse gases until around 2040 and from then
3https://portal.enes.org/models/earthsystem-models/mpi-m/mpi-esm
FIGURE 2 | CO2 emission prices in the European emissions trading system (EU ETS), Phase 3 January 2013 – November 2018. Source:
http://www.investing.com/commodities/carbon-emissions-historical-data.
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on a decline. The RCP8.5 scenario assumes a continuous increase
until the end of the century.
Storage
Total inorganic carbon (CT = CO2 + CaCO3 + CaCO2H)
content in the Arctic Ocean at simulation start (2006) for
the climatic scenarios is about 3.313∗105 Tg C (1 Tg = 1012
g). Increase in the carbon storage depends mainly on the
atmospheric concentration of CO2.
The net storage of Carbon from 2006 to 2099 (the area
under the graphs in Figure 3) is 3458 Tg for RCP 4.5
and 7745 Tg for RCP 8.5 scenario, i.e., a 1.04 and 2.33%
increase, respectively.
The storage of organic carbon depends strongly on the season.
In Figure 4 we have plotted the time series of organic carbon.
The initial value of biological components (biomass) comes
from simulation of the present state (mainly controlled by the ice
cover) and the Arctic biological system. The RCP 8.5 Scenario
produces more ice than the ERA INTERIM atmospheric forcing
in the first 10 year of the simulation. The biomass in the Arctic
experiences a dip before the ice cover is reduced for the remainder
of the century. The summer biomass doubles toward the end of
the century, but is still only 0.024% of the total inorganic carbon
content of the Arctic Ocean.
Fluxes
The fluxes in and out of the Arctic Ocean have several transport
roads. Horizontal fluxes are dominating. Here we only divide
between Fram Strait and all other shelves (Barents and Kara
Seas, Bering Strait, and Canadian Archipelago). Ice flux of
carbon is mainly through the Fram Strait, but we handle
carbon transported within the ice as the sum of all openings to
the Arctic Ocean.
Since we are using climatological river run-off and constant
inorganic content the river input of carbon is the same for all the
scenarios and for each year (around 15 Tg).
Air-sea fluxes are calculated using standard methods
depending on the difference between the partial pressure of CO2
FIGURE 3 | Development of total inorganic carbon in the Arctic Ocean the 21st century for two climatic scenarios.
FIGURE 4 | Scenario RCP 8.5. Total amount of simulated organic carbon in the Arctic Ocean.
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in the atmosphere and the sea surface. In the Arctic the ice cover
will reduce the annual average of air sea exchange.
The biological fluxes are calculated from all the transport
of all the carbon-containing state variables in the biological
model (diatoms, flagellates, detritus, bacteria, HNan, DON, DOC,
Ciliates, Cfin, and Cgla). Table 1 gives an overview of all fluxes in
and out of the Arctic Ocean.
The accumulation of carbon in the Arctic Ocean seems to be
controlled by the horizontal fluxes. The water entering the Arctic
Ocean absorbs CO2 from the atmosphere on its journey from
the North Atlantic, Norwegian Sea, and Barents Sea. Cooling
of these water masses allows more CO2 to be absorbed. Time
series of annual flux through Fram Strait and through the shelves
are shown in Figure 5. As we could expect, the trajectories
mirror each other.
Air-sea flux is shown in Figure 6. As the ice cover gradually
diminishes and the atmospheric concentration of CO2 increases,
the air to sea flux of carbon increases.
TABLE 1 | Integrated fluxes (2006–2099) in Teragram carbon (TgC).
RCP 4.5 RCP8.5
Net flux Fram Strait (out of the Arctic Ocean) −1.15∗105 −1.17∗105
Net flux shelves 1.14∗105 1.16∗105
Net C-flux with ice (out of the Arctic Ocean) −334 −284
Air-Sea flux (in to the ocean) 2425 5966
River flux of 1410 1410
Net bio flux Fram Strait (into the Arctic) 335 330
Net bio flux shelves (into the Arctic) 917 847
Net accumulation of carbon in the Arctic Ocean 3458 7745
Net accumulation of carbon in the Arctic Ocean
per year
36.8 82
As we see in Figure 6 the net accumulation appears to
stabilize after 2065 (for RCP 4.5 much earlier), even when the
atmospheric CO2 continues to increase. Based on measurements,
Yasunaka et al. (2018) found that the present annual air-sea
flux is about 180 ± 130 Tg C when including the Barents
and Kara Seas in addition to the area studied in this paper
(Figure 1). Applying a similar area as used in Yasunaka et al.
(2018) to the SINMOD simulations, we find that the air-sea
flux increases from 60 Tg C in the 80 s (not shown), when
the ice cover was extensive, to 115 Tg C in the period of
2010–2017. This is well within the range of air-sea flux found
in Yasunaka et al. (2018). The climatic simulations have more
ice in the start of this century than simulations using ERA
INTERIM forcing, but when the summer ice is gone the
uptake of CO2 from the atmosphere levels out at around
150 Tg C for RCP 8.5.
For the economic analysis, accumulated total and annual
carbon storage is used to assess the total value and value over
time. Figure 7 shows the net annual accumulation of carbon for
the two IPCC scenarios, and worth noting is the increasing trends
up to 2070, followed by a decreasing trend.
Values
Applying the current EU ETS carbon price €19.46 (November
2018) to the net accumulation of carbon in the Arctic for RCP8.5
and RCP4.5, and assuming growth is equal to the discount rate
(we ease this assumption later), we obtain the picture in Figure 8,
for the years 2019–2099. We observe that the annual value for
the two scenarios follow relatively similar paths the first ten
years, whereupon the RCP8.5 storage value has an increasing
trend for another 60 years while the RCP4.5 value shows no
such increasing trend. Both show a decreasing trend the last
10 years studied.
FIGURE 5 | Net annual inorganic C-flux through Fram Strait and the shelves areas for the RCP8.5 scenario.
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FIGURE 6 | Annual air-sea flux of CO2 (RCP 8.5 and RCP 4.5).
FIGURE 7 | Net annual accumulation rate of carbon in the Arctic Ocean for RCP 8.5 and RCP 4.5.
We see from Table 2 that the Arctic Ocean is expected to
store carbon worth €6.1 and €10.5 billion for RCP4.5 and RCP8.5,
respectively, from 2019 to 2099, using the current EU ETS
market value as the starting price (€19.46 per ton CO2). Here the
discount rate and the price growth rate is set equal to 0.
However, that the growth in carbon prices should equal the
discount rate is not to be expected, and that they should be set
equal to 0 is usually not seen as acceptable. In the following,
we present an upper and a lower bound for the change in
carbon storage values in the Arctic, as shown in Figure 9.
This range is to allow for the uncertainty in future carbon
values. We have chosen a high and low discount rate of 5
and 3% [following Nordhaus (2007) and Riahi et al. (2017)].
United Kingdom department of energy and climate chance
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FIGURE 8 | Value of annual carbon storage 2019 – 2099 using current market price (€19.42 per tonne) and assuming growth in price is equal to the discount rate.
TABLE 2 | Total and average increased carbon storage and value in the Arctic Ocean, 2019–2099, with current EU ETS market price (€19.46 per tonne), with zero price
growth and discount rates.
IPCC RCP-scenario 4.5 8.5 4.5 8.5 4.5 8.5 4.5 8.5
TgC TgC bill € bill € ton/km3 ton/km3 €/ km3 €/km3
Net accumulation of carbon 3358 7643 6.1 10.5 2 619 5296 12054
Average net carbon accumulation per year 41.4 94.3 75 130 3.3 7.6 65 149
FIGURE 9 | Upper and lower bound of value of carbon in the Arctic Ocean, as present value in each year, discounted back to 2019, in million euros. The upper
bound consists of RCP 8.5, a discount rate of 3% and a starting SCC price of €50 with a growth of 5%. The lower bound includes the RCP 4.5 scenario, a discount
rate of 5% and starting ETS of €19.46 (November 2018), and growth rate in the price of 2.5%.
(DECC) models estimate that carbon values increase on average
5.5% per year over the 2030 – 2050 period (DECC, 2011). In our
analysis we use a high price growth rate of 5% and a low price
growth of 2.5%. The low price growth rate can be understood
to include a minimal inflation rate and an incremental damage
from increasing temperatures, where the former is 0,5%, and
the latter is 2% [the latter as in Barange et al. (2017)]. For the
lower bound we apply the current EU ETS price (€19,46 per
ton4), while for the upper bound we apply a high SCC price
(€50 per ton) (ANON, 2016; Barange et al., 2017). Forecasts of
4November 2018.
Frontiers in Marine Science | www.frontiersin.org 9 June 2019 | Volume 6 | Article 331
fmars-06-00331 June 21, 2019 Time: 16:38 # 10
Armstrong et al. Valuing Blue Carbon Changes in the Arctic Ocean
carbon prices have been carried out by a number of countries
to 2050 (for example United Kingdom, Ireland, and France)
(DECC, 2011; Kevany and Cleary, 2018). The UK DECC
extends their forecast to 2100. The prices in this paper are
in line with those estimated by others to 2050. Our upper
bound is within the range estimated by the DECC while the
lower bound prices used here is more conservative. After
2050, the UK DECC prices are impacted by their assumptions
regarding technological change, which we do not include in our
analysis. Our price data are therefore higher than the DECC
values after 2050.
By combining the RCP 8.5 and the low discount rate (3%) with
the high SCC price and high price rise (5%) we obtain an overall
upper bound. Likewise, the RCP4.5 and the high discount rate
(5%) with the relatively low EU ETS price and low price rise give
an overall lower bound.
We see from Figure 9 that the lower bound value is declining
over time, as the discount rate is greater than the rate of
price increase, and when summing up the values leads to an
accumulated value over the time period studied equal to €27.6
billion. The upper bound is increasing, but at a decreasing
rate toward the end of the century, and when aggregated
is valued at more than €1 trillion in total. While the lower
bound variability declines over time, the upper bound variability
increases. This picture clearly shows a large variation between the
upper and lower bound, and indicates the uncertainties involved,
both biophysically and economically, and especially when the
two are combined.
DISCUSSION AND CONCLUSION
An important result from this study is the minor effect reduced
ice cover has on the total carbon accumulation and storage.
The importance of horizontal advection resulting in carbon
accumulation in the Arctic Ocean, illustrates the connectivity
of the Arctic Ocean to lower latitudes. Not only is the ocean
buffering the increased atmospheric carbon globally, but ocean
currents cause an additional accumulation in the Arctic Ocean
resulting from the global ocean current transport. In a carbon
storage perspective, this is regarded as positive, and represents
major economic values. At the same time, the increased inorganic
carbon will have a direct negative consequence in the form
of ocean acidification. Accumulation of contaminants in the
high Arctic resulting from long-range transport by atmospheric
circulation or ocean currents is well known (AMAP, 2016), and
the present study demonstrates similar patterns for carbon.
The biological contribution to increased carbon storage is
negligible compared to the inorganic carbon pool. Only 0.024%
of the carbon pool at the end of the century comes from summer
biomass, despite a doubling over this time-period. However, the
Arctic basin is deep, up to around 5000 m, storing huge volumes
of water. Furthermore, the circulation is relatively slow, and the
carbon that is stored will be isolated from the atmosphere in a
millennial perspective.
Another output from the simulations is the lower influx of
biomass to the Arctic Ocean both over the shelves and through
the Fram Strait in the RCP8.5 compared to the RCP 4.5 scenario
(Table 1). At present, the advection of biomass from lower
latitudes represents a considerable energy supply to the Arctic
Ocean inflow regions, providing a basis for increased production
also on higher trophic levels in the slope areas north of Svalbard
(Basedow et al., 2018; Vernet et al. unpublished). A projected
reduced inflow of organic carbon and biology in terms of
phytoplankton and zooplankton reflecting reduced production
or changing communities at lower latitudes in the future, may
have stronger regional impact than local increases in primary
production. The potentially negative economic impacts of this are
also an unknown.
Barange et al. (2017) estimated the value of the loss in
carbon storage service in the North Atlantic (not including
the Arctic) as a result of climate change, to lie between
€ 150–2640 billion in abatement costs and €20–353 billion
in social costs, over the period 2010 – 2099 (conversion: 1
USD = 0.88 EUR, 25/11/19). We observe that the value of
carbon storage increase in the Arctic, estimated to lie somewhere
between 27.6 billion and €1 trillion, though calculated using a
somewhat different approach, has potential to reduce the costs
described by Barange et al. (2017) related to carbon storage
loss in the North Atlantic, and can be seen in connection
with the borealisation of the Arctic (Fossheim et al., 2015).
However, large uncertainties regarding the extent of these carbon
storage values remain, and these results must therefore be
taken with caution.
To sum up the uncertainties, we note (1) Simulations
were based on two chosen climate change scenarios, with
their inherent uncertainties, (2) The value of carbon storage
is based on EU ETS and SCC estimates which are subject
to discussion and change, and (3)The discount rate, where
there are extensive debates amongst economists. A number of
countries recommend using declining discount rates over time
[see for the United Kingdom and for Norway (ANON, 2012,
2018)]. This will raise further the upper bound as portrayed
in Figure 9, and given similar percentage point declines in
the upper and lower bound discount rates, only increase
the difference between the two. Regardless, the results show
the potential for increases of carbon storage in the Arctic
Ocean, and its value.
It is worth noting that the estimates of increased Arctic blue
carbon storage and its value, is only one ecosystem service change
related to carbon. Clearly, increased carbon in the oceans has
potential cost not identified here, not the least represented by OA
(Mathis et al., 2015). Furthermore, a multitude of other climate
effects, not necessarily related directly to carbon storage, are not
assessed here. However, putting together the many pieces of the
climate change puzzle requires assessments not only of costs, but
also of the potential benefits.
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